The binuclear iridium complex [(cod)(Cl)Ir(bpi)Ir(cod)]PF 6 (bpi = pyridine-2-ylmethylpyridine-2-ylmethyleneamine; cod = 1,5-cyclooctadiene) reveals a noteworthy asymmetric binuclear coordination geometry, wherein the bpi ligand acts as a heteroditopic ligand and shows an unusual -coordinated imine moiety. This species is an effective precatalyst for water oxidation. After a short incubation time the catalyst reveals a turnover frequency of 3400 mol mol 1 s 1 with overall turnover number >1000.
Abstract:
The binuclear iridium complex [(cod)(Cl)Ir(bpi)Ir(cod)]PF 6 (bpi = pyridine-2-ylmethylpyridine-2-ylmethyleneamine; cod = 1,5-cyclooctadiene) reveals a noteworthy asymmetric binuclear coordination geometry, wherein the bpi ligand acts as a heteroditopic ligand and shows an unusual -coordinated imine moiety. This species is an effective precatalyst for water oxidation. After a short incubation time the catalyst reveals a turnover frequency of 3400 mol mol 1 s 1 with overall turnover number >1000.
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Our current global energy consumption is primarily based on combustion of fossil fuels, 1 but it is questionable how long we can proceed in this way. Remarkably, poorly defined, heterogeneous water oxidation catalysts tend to outperform their welldefined homogeneous counterparts, and significant results were recently reported using iridium colloids, [9] a cobalt phosphate system, 10 and recently even a molecular iron complex. 11 The two latter reports are of particular interest, as they comprise rather low cost systems based on inexpensive cobalt and iron. However, the most stable and durable and amongst the fastest catalysts reported to date are based on iridium, comprising colloidal Ir systems, 12 as well as a series of well-defined mononuclear Ir molecular complexes (see Figure 1) as developed by the groups of Bernhardt 13 and Crabtree. In analogy with the binuclear Ru compounds developed by Meyer, we argued that binuclear Ir compounds could perhaps outperform the mononuclear analogs in the overall 4e oxidation process of water. Hence we set out to utilize N-donor ligands to prepare binuclear Ir compounds and utilize these in water oxidation catalysis.
Building on our experience with (doubly) deprotonated bpa ligands (bpa = Py CH 2 NH CH 2 Py) in the preparation of low-valent binuclear group 9 TM complexes, 15 we argued that similar binuclear Ir species in a higher oxidation state might be accessible by using the imine analog bpi (bpi = Py CH=N CH 2 Py). 
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The structure reveals a noteworthy and rather unusual -coordination mode of the bpi imine moiety.
To our best knowledge this appears to be the first example of a -bound imine moiety for iridium.
Sigma-coordination of the imine nitrogen to the first iridium atom (Ir2) appears to activate the imine for fragment. The coordination geometry around Ir1 is best described as a trigonal bipyramid, with pyridine N1 and one of the olefinic double bonds of cod (C31 C32) at the axial positions. The chloro ligand Cl, the other cod double bond (C35 C36) and the imine double bond (C26 N3) span the trigonal plane and both are coplanar to the equatorial plane. This particular disposition is appropriate for optimal -back donation from the metal to both double bonds.
As a result of increased metal-to-ligand -back donation in the trigonal plane of Ir1, the cod double bond C35-C36 of 1.414(3) Å is somewhat elongated compared to the axially coordinated cod double bond C31-C32 of 1.389(3) Å. This effect is however relatively small (see Table S1 in the Supporting Information). The imine -coordination is associated with much stronger -back donation, presumably due to nitrogen -coordination of this same imine to the other iridium atom making this fragment a strong -acceptor ligand. The imine C26 N3 bond in 1 + (1.407(3) Å) is substantially elongated as compared to imine C N bonds of Ir complexes in which the imine only adopts the typicalcoordination mode (~1.30 Å). 16 As a result the irida(III)-aza-cyclopropane description contributes substantially to the electronic structure of this compound (Scheme 2). The well-behaved kinetic data are inconsistent with catalysis by heterogeneous iridium oxide particles. 17 The most likely explanation for the obtained kinetic data is the formation of a soluble molecular compound or cluster as the active water oxidizing catalyst.
Fitting the graph in Figure 3 of 3400 mol mol 1 h 1 (O 2 per mol precatalyst) under the conditions applied. The active species that is formed after incubation is among the fastest reported molecular water oxidation catalysts (see Table 1 ).
Polyoxymetalate cobalt clusters show much higher initial turnover frequencies, but the total turnover number is limited to roughly 60. 18 In case of [1]PF 6 no significant catalyst deactivation was observed after 2 hours and at least 1000 turnovers. In terms of rate and robustness the catalyst formed from [1]PF 6 displays a similar performance as the system reported by Crabtree. At this point we can only speculate on the mechanism and the exact nature of the active species formed. It is tempting to ascribe the activity to the bimetallic nature of the catalyst precursor, forming a bis-iridium active catalyst under the reaction conditions applied. The rich redox chemistry of iridium, allowing several oxidation states including a relatively easily accessible Ir V is likely also an important factor.
In conclusion, we synthesized the new cationic binuclear iridium compound [(cod)(Cl)Ir(bpi)Ir(cod)]PF 6 , [1]PF 6 , which reveals a noteworthy and unusual -coordination mode of the bpi-imine moiety. This gives rise to an unusual coordination geometry and an oxidation state ambiguity for one of the two iridium atoms. The species is an excellent precatalyst for water oxidation catalysis using Ce IV as the oxidant. Further studies regarding the robustness, scope, nature of the active species, and the mechanism of water oxidation by 1 + are in progress.
